Introduction
In recent years, research on crystalline organic-inorganic hybrid oxalates has gained great interest in materials science due to the structural diversity of these compounds which range from discrete complexes 1-4 to 1D chains, 5-7 2D layers, 8, 9 and 3D open frameworks. [10] [11] [12] Moreover, some of these materials find interesting potential applications arising from their peculiar architectures such as zeolite-like frameworks 13 and the inherent properties of the metallic centers, for example, photoluminescence arising from the presence of lanthanides.
14 Following our ongoing research on crystalline the hybrid materials, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] we recently focused our attention on the use of germanium centers. 26, 27 These often exhibit two distinct oxidation states, +2 and +4, with the latter being the most stable at ambient conditions and commonly appearing in inorganic compounds (such as GeO 2 ) and germanate frameworks. 28, 29 In addition, Ge 4+ centers exhibit a number of distinct coordination numbers and environments, namely, four (often tetrahedral), 30-32 five (square pyramidal or trigonal bipyramidal), 31,33-36 and six (often octahedral), 37 ,38 a crucial feature in order to achieve topological diversity for the frameworks.
Here we wish to report the first complex-based heterodimetallic crystalline compounds containing the divalent tris-(oxalato-O,O′)germanate anion crystallizing with a number of transition-metal (M) complexes with 1,10′-phenanthroline (phen) organic residues, [M(phen) 2(x-1) moieties are known to date, all comprising small organic molecules or K + as the counterions.
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Experimental Section
General. Chemicals were readily available from commercial sources and used as received without further purification: amorphous germanium(IV) oxide (GeO 2 , 99.99+%, Aldrich), oxalic acid dihydrate (H 2 C 2 O 4 ‚2H 2 O, g99%, Panreac), 1,10′-phenanthroline monohydrate (phen, C 12 Instrumentation. Elemental analyses for C, H, and N were performed in a CHNS-932 elemental analyzer in the Microanalysis Laboratory of the University of Aveiro.
Thermogravimetric analyses (TGA) were carried out using a Shimadzu TGA 50 with a heating rate of 5°C/min under a continuous flow of air with rate of 20 cm 3 /min.
Scanning electron microscopy (SEM) and energy dispersive analysis of X-rays spectroscopy (EDS) were performed using a Hitachi S-4100 field emission gun tungsten filament instrument working at 25 kV. Samples were prepared by deposition on aluminum sample holders and were carbon coated.
FT-IR spectra were collected from KBr pellets (Aldrich, 99%+, FT-IR grade) on a Mattson 7000 FT-IR spectrometer. Fourier Transform Raman (FT-Raman) spectra (range 4000-100 cm -1 ) ( (5) and Cu 2+ (6)] suitable for singlecrystal X-ray diffraction analysis were manually harvested from the reaction vials and mounted on glass fibers using FOMBLIN Y perfluoropolyether vacuum oil (LVAC 25/6) purchased from Aldrich. 45 Data were collected in Nonius-based Kappa Bruker diffractrometers equipped with charge-coupled device (CCD) area detectors and Mo KR (λ ) 0.7107 Å) or Cu KR (λ ) 1.54180 Å) (for 3) radiation. Data were corrected for Lorenztian and polarization effects. Absorption corrections were applied using the multiscan semiempirical method implemented in SADABS. 46 Structures were solved using the direct methods of SHELXS-97, 47 which allowed immediate location of the heaviest atoms. The remaining non-hydrogen atoms were located from difference Fourier maps calculated from successive full-matrix least-squares refinement cycles on F 2 using SHELXL-97. 48 All non-hydrogen atoms were successfully refined using anisotropic displacement parameters.
Hydrogen atoms bound to carbon were located at their idealized positions by employing the HFIX 43 instruction in SHELXL-97 48 and included in subsequent refinement cycles in riding motion approximation with isotropic thermal displacement parameters (U iso ) fixed at 1.2U eq of the carbon atom to which they were attached. In compounds 5 and 6 the hydrogen atoms associated with the µ 2 -bridging hydroxyl groups were markedly visible in the last difference Fourier maps synthesis. These atoms have been included in the final structural models with the O-H distances restrained to 0.95(1) Å in order to ensure a chemically reasonable geometry for these moieties, and with U iso fixed at 1.5U eq of the parent oxygen atom.
In compound 2b a partially occupied water molecule of crystallization [O(1W)] was directly located from difference Fourier maps and refined using an isotropic displacement parameter and a fixed partial site occupancy of 20% (determined previously by unrestrained refinement of this variable). Even though hydrogen atoms belonging to this chemical moiety could not be directly located from difference Fourier maps and no attempt was made to place these in approximate calculated positions, they have been included in the empirical formula of the compound. As mentioned in the previous section, crystals of 6 were obtained as a minor phase in the synthesis of 1a. Crystals systematically showed poor quality associated with diffuse scattering at high angle (therefore, the high R int ; see Table 1 ).
Information concerning the crystallographic data collection and structure refinement are collected in Table 1 . Selected bond lengths and angles for compounds 1 to 3 are summarized in Tables 2 and  3 , respectively, while for compounds 5 and 6 they are collected in Powder X-ray Diffraction. PXRD data of [Co(phen) 3 ][Ge-(C 2 O 4 ) 3 ] (4) were collected at ambient temperature on a X'Pert MPD Philips diffractometer (Cu KR X-radiation, λ ) 1.54060 Å) equipped with a X'Celerator detector, a curved graphite-monochromated radiation, and a flat-plate sample holder in a BraggBrentano para-focusing optics configuration (40 kV, 50 mA). Intensity data were collected in continuous scanning mode in the range ca. 4 e 2θ°e 55.
The PXRD pattern was indexed with the routines provided with the program DICVOL04 52 using the first 20 well-resolved reflec- a Symmetry transformations used to generate equivalent atoms: 
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tions (located using the derivative-based peak search algorithm provided with Fullprof.2k) 53,54 and a fixed absolute error on each line of 0.03°2θ. Initial unit cell metrics were obtained with reasonable figures-of-merit: M(20) 55 ) 12.5 and F(20) 56 ) 30.2; zero shift of -0.0436°. Analysis of the systematic absences using CHECKCELL 57 unambiguously confirmed space group P2 1 /n. A Le Bail whole-powder-diffraction-pattern profile fitting 58 (see Figure  S1 in the Supporting Information) was performed with the FullProf.2k software package, 53,54 employing a typical pseudo-Voigt peak-shape function, and in the last stages of the fitting process the unit cell parameters and typical profile parameters, such as scale factor, zero shift, Caglioti function values, and two asymmetry parameters were allowed to refine freely. Fixed background points were employed. The refined unit cell parameters converged to a ) 19.204(2) Å, b ) 20.839(2) Å, c ) 9.511(1) Å, and ) 95.066-(6)°(R Bragg ) 1.06% and 2 ) 3.79)
Results and Discussion
A series of highly crystalline heterodimetallic complexes composed of tris(oxalato-O,O′)germanate anions and cationic complexes of transition metals (M) coordinated to 1,10′-phenanthroline (phen) residues have been isolated using mild hydrothermal synthesis, from reaction mixtures containing germanium(IV) oxide, oxalic acid, phen, and various M salts (see Experimental Section for details). Compounds (3), and Co 2+ (4); x ) 0.2 for compound 2b] on the basis of single-crystal or powder X-ray diffraction studies and elemental analysis. EDS studies provided information on (1) the presence of Ge and the metallic centers on individual crystals of each compound and (2) the ratios of Ge:M, typically 1:1.
Crystalline phases were directly isolated from the autoclave contents in generous yields and usually as large single crystals, except for 4 which could only be synthesized as a microcrystalline powder (Figure 1) . Phase purity and homogeneity of the bulk samples of 1b and 2-4 have been confirmed by comparing the experimental powder X-ray diffraction patterns with simulations based on single-crystal data. Compound 1a was systematically isolated with a small amount of compound 6 which could not be eliminated either at the synthesis stage or after. Nevertheless, according to the CHN elemental composition of several representative bulk samples of 1a we determined that the amount of this impurity was quite small. However, during our synthetic attempts to eliminate this second-phase (by varying the composition of the reaction mixture used to isolate 1a) a second polymorphic (and pure) phase was isolated for a slightly higher amount of phen in the reaction mixture (see Experimental Section for details on the synthetic procedures).
It a Symmetry transformations used to generate equivalent atoms: (i) 1.5 a Symmetry transformations used to generate equivalent atoms: a Symmetry transformations used to generate equivalent atoms: (i) 1.5 reveals only a handful of crystallographic reports [41] [42] [43] [44] describing this anion which, invariably, shows identical coordination geometry for all compounds, including those reported herein. The Ge 4+ center appears coordinated to three oxalate anions (coordinated via a typical anti,anti-chelate bidentate fashion), describing a slightly distorted {GeO 6 } octahedral coordination fashion as depicted in Figure 2 . The Ge-O bonds (for all five crystal structure determinations reported here) are found in the 1.865(2)-1.897(2) Å ( 2-anion (Figure 3 ). The crystallographically independent Cu 2+ centers in 1a and 1b are coordinated by three phen organic ligands via a typical N,N-chelating coordination fashion, leading to distorted {CuN 6 } octahedral coordination geometries evidencing the typical Jahn-Teller distortion expected for these d 9 metallic centers: while the equatorial Cu-N bond lengths are found in the 2.021(2)-2.059(2) Å range, the apical interactions are much longer and within the 2.275(2)-2.374(2) Å range (Table 2) , thus leading to a tetragonal distortion of the {CuN 6 } octahedra. The former bond lengths are well within the expected values, as revealed by a search in the CSD for structures containing [Cu(phen) 3 ] 2+ cations (15 entries; range 2.01-2.34 Å), however, the latter values are slightly longer, in particular for 1b (see Table 2 ). Such abnormal long Cu-N interactions with phen residues can be rationalized by taking into account intermolecular interac- tions, in particular the weak C-H‚‚‚O interactions which lead to local distortions in order to promote a more effective close packing (see following paragraphs). Structural distortions associated with 1b are particularly well demonstrated by the cis octahedral angles whose range is the largest of all related structures reported herein (see Table 3 ). The most remarkable structural feature which differentiates 1a and 1b structures concerns the number and type of intermolecular C-H‚‚‚O weak hydrogen bonds (not shown; Tables 4 and 5 collect some geometrical details of the most relevant and chemically feasible interactions) plus interactions of the C-H‚‚‚π type and π-π stacking between neighboring phen residues belonging to distinct cationic residues (Figure 4) . 59 These supramolecular networks of weak intermolecular interactions establish physical connections between individual moieties and are responsible for completely distinct packing arrangements, as shown in Figure  5 . Moreover, these interactions are ultimately the main reason responsible for the isolation of two distinct crystalline forms. In 1a the [Cu(phen) 3 ] 2+ cationic residues pack in chain-like arrangements along the [100] and [001] crystallographic directions (Figure 4a and 4b) . Noteworthy is the fact that this contact seems to promote the unusually long Cu-N bonds discussed above. Indeed, in order to maximize the geometry associated with this C-H‚‚‚π interaction, one coordinated phen residue needs to be slightly rotated. This leads, on one hand, to longer bond lengths (because of the structural rigidity of this organic ligand) and, on the other, to the large cis octahedral angles (see above). It is also of considerable importance to mention that adjacent phen residues in 1b are too far apart (average distance of ca. 4.3 Å), thus invalidating the occurrence of π-π stacking (as also depicted in Figure  4c .2H 2 O for compounds 2a and 2b, respectively. Pseudo-polymorphism is defined as crystalline forms of a given compound (host) that differ in the chemical nature or stoichiometry of the included solvent molecules (guest) and refers to crystalline forms with solvent molecules as structurally relevant features of the structure (isolated lattice sites, lattice channels, or metalion-coordinated solvates).
60,61
The striking difference between these two compounds is the presence of one partially occupied (1/5) water molecule of crystallization in the asymmetric unit of 2b, a unique feature among the series of compounds reported here. It is The represented structure was taken from the structure of complex 1b and is represented with thermal ellipsoids drawn at the 50% probability level and showing the labeling scheme for all atoms. For selected bond lengths and angles related to this moiety in structures 1-3 see Tables 2 and 3 , respectively. the labeling scheme for all non-hydrogen atoms. Atoms are drawn as thermal ellipsoids at the 50% probability level, and hydrogen atoms have been omitted for clarity. For selected bond lengths and angles see Tables 2 and  3, respectively. also of considerable interest to note that this occurrence seems to be the promoting structural reason for the decrease of crystal symmetry: 2b crystallizes in the triclinic P1 h space group, while 2a (as for all remaining heterometallic complex structures) is monoclinic (in this case described in the P2 1 /n space group) or higher. Disregarding the presence of water, the asymmetric units of 2a and 2b share many similarities with those described for the two previous compounds, comprising two crystallographically independent and charged ions: 2-anionic fragments, establishing a connection between these two moieties ( Figure 6 ): O(1W) donates its two hydrogen atoms to O(7) and O(10) from distinct anions, with d O‚‚‚O of 3.031(2) and 2.881(1) Å, respectively. As also depicted in Figure 6 , these bonding interactions occur in symmetry-related pairs with the two water molecules being separated by 4.004(2) Å. The motif can be described by the R 4 4 (16) graph set notation.
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As for 1a and 1b (see previous subsection), the crystal structure of these two pseudo-polymorphic compounds is assembled by extensive networks of weak CsH‚‚‚O interactions involving the charged species. Chemically (and structurally) possible C‚‚‚O intermolecular distances span from 3.028(2) to 3.564(3) Å for 2a (Table 6 ) and from 3.037(3) to 3.513(4) Å for 2b (Table 7 ). In the same way as for 1a, in 2a intermolecular interactions are composed of both Cs H‚‚‚π and π-π contacts between phen molecules belonging to neighboring [Fe(phen) 3 ] 2+ complexes. While along the [100] direction connections are assured by only Cs H‚‚‚π interactions (as in Figure 4a ), parallel to the [001] direction an alternation between CsH‚‚‚π and π-π contacts is registered (as in Figure 4b ). 59 In 2b only C-H‚‚‚π interactions (running parallel to the [100] crystallographic direction) are structurally relevant as physical connections between adjacent cationic residues (Figure 7) .
The presence of the extra solvent molecule in 2b also induces a completely distinct packing arrangement. While for 2a the crystal packing is identical to that previously described for 1a (as in Figure 5a (Table 1) , and its molecular structure shares striking resemblances with those previously described for compounds 1a and 2a (see previous sections for details on the crystal structure). Relevant geometrical details associated with the Ge 4+ and Ni 2+ coordination environments of 3 are collected in Tables 2  and 3 fragment ( Figure 9 ). Moreover, a search in the literature reveals that these two isostructural complexes are also the first examples of hydroxyl-bridged [M(phen) 2 ] 2+ fragments, and only a handful of structures are known to contain µ 2 -oxo bridges involving this fragment. [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] The neutral bis(oxalate-O,O′) germanium fragment, [Ge-(C 2 O 4 ) 2 ], shares structural similarities with the [Ge(C 2 O 4 ) 3 ] 2-complex discussed above and present in structures 1-4. However, in 5 and 6 the Ge 4+ center is only coordinated to 
two O,O-chelate oxalate anions, with the two remaining vacant positions in the coordination sphere being occupied by two µ 2 -bridging hydroxyl groups (Figure 9 ). The coordination environment of Ge 4+ centers can thus be envisaged as distorted octahedra, {GeO 6 }, with the Ge-O bonds being found (for the two complexes) between 1.8166(10) and 1.951(8) Å while the cis and trans O-Ge-O angles are in the 83.8(4)-97.12(5)°and 167.40(6)-175.7(4)°ranges, respectively ( Table 9 ). The presence of µ 2 -bridging hydroxyl groups induces in the Ge 4+ centers octahedral distortions greater than those observed for the [Ge(C 2 O 4 ) 3 ] 2-anions (Table 3 ) with this being essentially attributed to the stronger bonding nature of these chemical moieties. Consequently, the registered Ge-OH bond distances are statistically smaller (below ca. 1.82 Å) than those with oxalate anions (always greater than ca. 1.90 Å; Table 9 ), even though they compare well with the only report in the literature containing a Ge-(OH)-M bridge (d(Ge-OH) of about 1.78 Å) and present in an open-framework containing germanium clusters. 76 Moreover, the trans effect of these µ 2 -OH groups in the {GeO 6 } octahedra is also markedly present with the opposite Ge-O oxalate bonds [1.9413(10) and 1.951(8) Å for 5 and 6, respectively] being the longest among all the structures reported here.
The M centers exhibit distorted octahedral coordination geometries composed by two symmetry-related N,N-chelating phen ligands plus two symmetry-related µ 2 -bridging hydroxyl groups, {MN 4 O 2 } (Figure 9 ): the M-(N,O) bond lengths are found in the 2.2967(10)-2.3385(12) and 1.989(10)-2.206(9) Å ranges for 5 and 6, respectively; cis and trans internal octahedral angles can be found in the 65.81(5)-100.39(6) and 157.40(6)-162.11(4)°(for 5) and in the 68.8-(4)-112.7(5)°and 158.0(3)-170.2(6)°ranges, respectively (see Table 9 for details). Noteworthy is the fact that for 6 the {CuN 4 O 2 } coordination environment is not as significantly distorted as those registered for 1a and 1b, and consequently the Jahn-Teller distortion is not so markedly visible. It is feasible to assume that this smaller tetragonal distortion for 6 seems to arise mainly due to the presence of three crystallographically independent Cu-(N,O) bond lengths, which are all statistically distinct as summarized in Table 9 . The intermetallic Ge(1)‚‚‚M(1) separations across the hydroxyl µ 2 bridge are 3.2487(3) and 3.1510(27) Å for 5 (Cd) and 6 (Cu), respectively. ambient temperature and ca. 268°C a small continuous weight loss of about 0.8% confirms the presence of a small amount of water present in the structure (calculated 0.4 per formula unit), which agrees with the structural assumptions deduced during the single-crystal X-ray diffraction studies. Neglecting the initial weight loss of compound 2b the thermal decomposition of all compounds can be roughly divided in two major stages: the first corresponds to release of a variable amount of phen ligands, and the second is attributed to decomposition of the [Ge(C 2 O 4 ) 3 ] 2-anions. It is noteworthy to mention that the first thermal decomposition starts to settle in for compounds 1a and 1b at a lower temperature (around 205 and 201°C, respectively) than for the remaining materials (between 268 and 280°C) with this phenomenon being ascribed to the stronger oxidizing properties of Cu 2+ when compared with the remaining transitionmetal centers. Nevertheless, in the 200-280°C temperature range all materials release some phen ligands, usually between 2 and 3 molecules (1a ca. 2.1; 1b ca. 2.5; 3 ca. 2.3; 4 ca. 2.4). In the case of the Fe 2+ compounds all phen molecules are thermally removed. Upon thermal decomposition of the [Ge(C 2 O 4 ) 3 ] 2-anions, which usually starts to settle in around 300°C, the obtained residues are composed of a mixture of metallic oxides which, except for 1a (due to the presence of a small impurity in the as-synthesized material), are in good agreement with the expected stoichiometric quantities: for 1b, CuO + GeO 2 (calculated 19.6%, observed 20.1%); for 2a and 2b, Fe 2 O 3 + GeO 2 (calculated 19.8% and 19.7%, observed 20.0% and 20.6%, respectively); for 3, NiO + GeO 2 (calculated 19.2%, observed 19.6%); for 4, CoO + GeO 2 (calculated 19.2%, observed 20.0%).
The thermal decomposition of compounds 5 and 6 starts with initial residual weight losses of about 0.6% and 0.5%, respectively, which agrees well with the release of two water molecules per formula unit (calculated values of ca. 0.5%). This can be attributed to destruction of the µ 2 bridges which interconnecting the metals within the complex which, as clearly observed in the thermograms, occurs at a significantly higher temperature for 5 than for 6. Interestingly, the same is observed for the decomposition of the organic components of these compounds: while for 6, at 600°C, all the material was entirely converted into the expected stoichiometric 5) complex, showing the atom labeling for selected atoms and emphasizing the distorted octahedral coordination environments for the Cd 2+ and Ge 4+ metal centers. Non-hydrogen atoms composing the asymmetric unit are represented with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms were omitted for clarity. For selected bond lengths and angles for compounds 5 and 6 see Table 9 . Symmetry transformation used to generate equivalent atoms: (i) -x, y, 1.5 -z. amount of CuO + GeO 2 (observed residual of 25.5%, calculated of about 26.06%), for 5 the decomposition is still occurring. The different kinetics associated with the thermal decomposition of 5 and 6 can be ascribed to the distinct physical-chemical properties of the M metals composing the bimetallic complexes with Cu 2+ clearly promoting the decomposition.
Vibrational Spectroscopy. FT-IR and Raman spectra are particularly informative regarding the presence of the primary building blocks of the complexes, showing the characteristic bands of phen and oxalate organic ligands, hence fully supporting the chemical composition and structural details determined from the single-crystal X-ray diffraction studies. 77 Specific band assignments for the most intense and diagnostic bands are collected in the Experimental Section, while the FT-IR spectra are provided as Supporting Information ( Figure  S3) .
A number of bands located between 810 and 900 cm -1 are diagnostic of the presence of coordinated oxalate anions to Ge 4+ and attributed to the ν(C-C) and ν(Ge-O oxalate ) stretching vibrational modes. Several intense bands found in the ca. 1100-1520 cm -1 spectral region are characteristic of a number of vibrational modes of phen. A strong band centered at ca. 1735 cm -1
, particularly evident in all spectra, strongly supports the existence of uncoordinated (and terminal) CdO groups arising from the coordinated oxalate anions. Moreover, the ν asym (-CO 2 -) and ν sym (-CO 2 -) stretching vibrational bands of oxalate groups appear in the 1676-1580 and 1430-1310 cm -1 spectral regions, respectively, which correspond to ∆ values between 246 and 270 cm -1 , in good agreement with the observed anti,anti-chelate bidentate coordination fashion for these anionic moieties (see crystallographic description of the structures). 78, 79 In the case of 5 and 6, a broad band is markedly visible above 3300 cm -1 (centered at ca. 3321 cm -1 for 5 and ca. 3396 cm -1 for 6) and attributed to the characteristic ν(O-H) stretching vibrational band associated with the µ 2 -bridging hydroxyl groups involved in hydrogen bonds, in accord with the crystal structure. 77 
Concluding Remarks
The preparation, via typical hydrothermal approaches, of the first bimetallic complexes containing either [Ge(C 2 O 4 ) 3 ] 2-or [Ge(C 2 O 4 ) 2 ] with M cationic complexes of 1,10′-phenanthroline (phen) and their full structural description based on single-crystal X-ray diffraction investigations has been described. It was shown that the large chemical species composing each complex structure close pack in the solid state mediated by extensive subnetworks of intermolecular interactions which include, among others, strong O-H‚‚‚O and weak C-H‚‚‚O hydrogen-bonding interactions, C-H‚‚‚π and π-π contacts.
